Photosystem I contains several peripheral membrane proteins that are located on either positive (luminal) or negative (stromal or cytoplasmic) sides of thylakoid membranes of chloroplasts or cyanobactena. Incorporation of two peripheral subunits into photosystem I of the cyanobacterium Synechocystis species PCC 6803 was studied using a reconstitution system in which radiolabeled subunits 11 (PsaD) and IV (PsaE) were synthesized in vitro and incubated with the isolated thylakoid membranes. After such incubation, the subunits were found in the membranes and were resistant to digestion with proteases and removal by 2 molar NaBr. All of the radioactive proteins incorporated in the membrane were found in the photosystem I complex. The subunit 11 was assembled specifically into cyanobacterial thylakoid membranes and not into Escherichia coDl cell membranes or thylakoid membranes isolated from spinach. The assembly process did not require ATP or proton motive force, and it was not stimulated by ATP. The assembly of subunits 11 and IV into thylakoid membranes isolated from the strain AEK2, which lacks the gene psaE, was increased two-to threefold. The incorporation of subunit 11 was 15 to 17 times higher in the thylakoids obtained from the strain ADK3 in which the gene psaD has been inactivated. However, assembly of subunit IV in the same thylakoids was reduced by 65%, demonstrating that the presence of subunit 11 is required for the stable assembly of subunit IV. Large deletions in subunit 11 prevented its incorporation into thylakoids and assembly into photosystem 1, suggesting that the overall conformation of the protein rather than a specific targeting sequence is required for its assembly into photosystem 1.
PSI, a light-dependent plastocyanin-Fd oxidoreductase, is a multisubunit complex in the thylakoid membranes of cyanobacteria and chloroplasts (7, 13) . It is composed of two homologous, 83-kD subunits, Ta and Tb, encoded by the chloroplast genes psaA and psaB, and at least nine other polypeptides with apparent molecular masses from 1.5 to 25 kD. All pigment molecules, the reaction center P700, and three electron transfer centers (AO, Al, and Fx) are associated with the subunits Ta and Ib. The remaining two electron transfer centers (iron-sulfur clusters FA and FB) are present in the 8.9-kD subunit VII encoded by the gene psaC (15, 22) . The subunits II and III, which are the products of the genes psaD and psaF, respectively, have been implicated in the docking ' of Fd and plastocyanin to PSI (28) (29) (30) . The functions of the remaining subunits are yet to be determined.
Positions of various subunits of PSI with respect to thylakoid membranes have been inferred from their hydropathy profiles determined from deduced amino acid sequences, the nature of their transit peptides, and biochemical experiments involving protease digestions and use of chaotropic agents. The two large subunits Ia and Tb, as well as the 4-kD subunit encoded by psaI, are integral membrane proteins with highly hydrophobic transmembrane domains (12, 26) . Subunit III is the only subunit thought to be present on the positive side (p side, luminal surface) ofthe thylakoid membranes. It has been implicated in the interaction with plastocyanin that is present in the lumen (2) . Furthermore, it is synthesized as a precursor with a transit sequence typical of proteins destined to the thylakoid lumen (8) . Other subunits, such as II and IV, are present on the negative side (n side) of the thylakoid membrane, which faces the cytoplasm in cyanobacteria and the stroma in chloroplasts. The peripheral subunits of PSI are tightly associated with the reaction center, and treatments with strong chaotropic agents, strong detergents, or proteolytic digestion under extreme conditions are required for their removal from the transmembrane subunits (14, 23) .
Biogenesis ofthe photosynthetic membranes ofchloroplasts and cyanobacteria involves an intricate interplay between many complex processes such as translocation of luminal proteins across the membranes, assembly of transmembrane and peripheral proteins in the lipid bilayer, their association with pigment and metal cofactors, and assembly of individual subunits into larger complexes. Assembly of the PSI involves most of these complexities, thus providing a model system to study biogenesis of protein complexes in the thylakoid membranes. Therefore, we have initiated studies aimed at the identification and characterization ofthe requirements for the assembly of various types of protein subunits into PSI. In this paper, we describe an in vitro reconstitution system developed to elucidate the mechanism of assembly of the peripheral subunits of PSI on the n side of thylakoid membranes. 
Isolation of Thylakoid Membranes
Exponentially growing cultures of Synechocystis sp. PCC 6803 were harvested and suspended in cold buffer (0.4 M sucrose, 10 mM Tricine-NaOH [pH 7.9], 10 mM NaCl, 1 mM MgCl2) and transferred to 1 50-mL polypropylene tube with a screw cap. The cells were pelleted again and resuspended in 10 mL of buffer (0.4 M sucrose, 10 mM Tricine-NaOH [pH 7.9], 10 mM NaCl, 1 mM MgCl2). Glass beads (400-625 ,uM size) of approximately 10 mL volume were added. The mixture was vortexed at the top speed for 2 min, followed by cooling on ice for 2 min. The vortexing-cooling cycle was repeated three more times. The tube was then punctured at the bottom with a hot needle and centrifuged in a 250-mL bucket in a GSA rotor to remove cell lysate from the glass beads. The cell lysate was centrifuged at 6000 rpm in a SS34 rotor for 5 XbaI and PstI sites on the 5' and 3' ends of the gene psaD from Synechocystis sp. PCC 6803, first described by Reilly et al. (24) . The resultant gene was cloned in pGem3z to generate plasmid pADG157. To get more efficient translation of cyanobacterial psaD RNA in a eukaryotic translation system, A after the initiator ATG was mutated to G according to the method of Kozak (18) . This change resulted in the mutation in the second amino acid (T to A). The plasmids pAEG155 and pADG 157 were linearized by digestion with the restriction endonuclease PstI and then transcribed with T7 RNA polymerase (Promega). The psaE and psaD RNAs were translated in a wheat germ translation system (Promega) in the presence of a high specific activity 3H-amino acid mixture containing leucine, phenylalanine, lysine, proline, and tyrosine (Amersham). The translation products were centrifuged in an Airfuge for 15 min, the small molecules such as ATP were separated from the labeled proteins by gel filtration chromatography, and then the volume was adjusted to give a radioactivity of 2000 
In Vitro Assembly Experiments
A typical assembly reaction included thylakoid membranes (500 ,ug Chl/mL), 20 mM Tricine-NaOH, 1 mM MgCl2, and translation products (500,000 cpm/mL). The incubation was carried out at 25°C for 60 min. Any deviations from these conditions, such as addition or depletion of ATP, are mentioned in the figure legends. The assembly reaction was stopped by transferring the reaction mixture to ice and by diluting it 10-fold with ice-cold TM. The thylakoids were then pelleted and washed again with TM. The thylakoids were then resuspended in TM and were subjected to either an incubation with the chaotropic agent NaBr (2 M) or treatment with the protease thermolysin (250 ,g/mL). PSI was purified from the thylakoids after the assembly reaction by incubating them (500 ,gg Chl/mL) with 0.5% Triton X-100 for 15 min on ice, and then the solubilized fraction was layered on the top of a 7 to 30% sucrose gradient containing 20 mm Tricine and 0.2% Triton X-100 in an 11-x 60-mm Ultra-clear tube and centrifuged in a SW 56 rotor at 100,000g for 16 h. PSI was obtained in two fractions; the heavier fraction probably represented the trimeric form of PSI. The presence of radiolabeled subunits in the thylakoids or isolated PSI complex was analyzed by SDS-PAGE followed by fluorography with Amplify (Amersham). The amount of labeled proteins in each reaction was quantitated by densitometric scanning of fluorograms using an LKB Ultroscan XL enhanced laser densitometer. The efficiency of assembly (incorporation) was represented as the percentage of total labeled proteins that was resistant to removal by 2 M NaBr or to digestion by thermolysin. The quantitative data presented in this paper is averaged from at least two observations.
RESULTS

Incorporation of Subunits 11 and IV into Thylakoids and their Assembly into PSI
The subunits II and IV were synthesized in vitro from the respective genes from Synechocystis sp. PCC 6803. The labeled proteins were incubated for 60 min with the thylakoid membranes isolated from the WT strain at room temperature. The reaction was stopped by transferring the tube to ice, and the thylakoid membranes were diluted with TM and pelleted by centrifugation in a microfuge. The thylakoids were resuspended in TM and pelleted again. Figure 1 illustrates that a large fraction of the labeled proteins could not be removed from the thylakoids by TM washes (lanes 1). This fraction represents the labeled subunits "associated" with the thylakoids. To determine whether the labeled proteins associated with thylakoids were incorporated into them, we used three treatments to remove loosely associated peripheral proteins from these thylakoid membranes. First, we incubated thylakoid membranes in 2 M NaBr for 15 min on ice and then washed them with TM three times ( Fig. 1, lanes 2) . Second, we used trypsin (50 ,g/mL) to digest proteins not protected by membranes or other proteins (Fig. 1, lanes 3 ). The trypsin digestion was carried out at room temperature for 30 min and was terminated by addition of soybean trypsin inhibitor (250 ,ug/mL). Third, we treated thylakoids resuspended in TM to a final concentration of 1 mg Chl/mL with the protease thermolysin (100 ig/mL) for 30 min on ice in the presence of 5 mM CaCl2, stopped the digestion by addition of EDTA to the final concentration of 10 mm, and then washed three times with TM supplemented with 10 mm EDTA (Fig. 1,  lanes 3 ). Approximately 10 to 15% of both subunits II and IV included in the assembly reaction were resistant to removal by NaBr or to digestion by proteases. Therefore, this fraction oflabeled proteins is considered to be "incorporated or assembled" into thylakoids. Interestingly, the labeled subunit IV in the membranes was more susceptible to digestion by trypsin than by thermolysin, whereas the labeled subunit II incorporated in thylakoids was equally resistant to both proteases. The subunit IV is less protected from some proteases and thus may be more exposed on the surface ofthylakoid membranes. With the exception of this and some other differences, the assembly of both subunits exhibited similar characteristics. Therefore, the data from the experiments involving subunit II are presented hereafter. Unless mentioned otherwise, the assembly of subunit IV also showed comparable features and requirements. The criteria used in our studies to define assembled subunits II and IV have been widely used to distinguish peripheral proteins from integral membrane proteins (4, 1 1). However, in spite of their resistance to removal by NaBr and to digestion by proteases, subunits II and IV of PSI are not integral membrane proteins (17) . These peripheral subunits probably achieve these properties by being a part of a multisubunit complex. The resident subunits II and IV of PSI are not affected by the NaBr and protease treatment of thylakoid membranes (23) (data not shown).
In any reconstitution experiment involving assembly, integration, or translocation of proteins into membranes, it is essential to ensure that the criteria used to define the process being studied are effective and sufficient to distinguish among true assembly, integration or translocation, and unspecific adsorption to membranes (3) . The radiolabeled subunit II is completely degraded by thermolysin in the absence of assembly reaction (data not shown). Resistance to protease digestion is achieved by a fraction of total labeled protein when incubated with thylakoids (Fig. 1, lanes 4) .
The ability of the protease thermolysin to digest labeled subunit II that had been incubated with thylakoids at either room temperature or on ice is compared in Figure 2 . When subunit II was incubated with thylakoids at room temperature and then digested with increasing concentrations of thermolysin for 30 min on ice, a plateau amount ofundigested labeled subunit II was seen (Fig. 2, E) , indicating that true incorporation (assembly) into membranes had occurred. When the assembly reaction was carried out on ice, subunit II adsorbed to thylakoids and became resistant to proteolysis at low concentrations of thermolysin (Fig. 2, U) . However, essentially all labeled subunit II was degraded at higher protease concentrations. As an additional test for the authenticity of the in vitro assembly, we tested the specificity of the process.
Only cyanobacterial thylakoid membranes, and not the cell membranes from Escherichia coli or thylakoid membranes from spinach, were able to incorporate labeled subunit II protein synthesized from a cyanobacterial gene (Fig. 3) . Similarly, the translation products of brome mosaic virus RNA could not assemble into thylakoid membranes isolated from Synechocystis sp. PCC 6803. Therefore, the assembly reaction used in the studies reported in this paper is a highly specific process.
To determine whether the labeled subunits that had been incorporated into membranes were assembled into PSI, the multiprotein complexes from thylakoids were fractionated by density gradient centrifugation. The labeled subunit II was incubated with thylakoid membranes, and the unassembled radioactive proteins were removed by 2 M NaBr. PSI was isolated from these thylakoids by Triton solubilization and sucrose density gradient centrifugation. PSI was mainly present in two fractions. Figure 4 illustrates the presence of labeled subunit II exclusively in the fractions that also contained PSI (A). As a control, the incubation of thylakoids with labeled subunit II was performed on ice, and the labeled protein not associated with membranes was removed by washing the thylakoids with TM. Fractionation of these thylakoids revealed that the labeled subunit II was now present in the lighter fractions and not with PSI (Fig. 4B) . Therefore, nearly all molecules of the labeled subunit II that had been incorporated into thylakoids were assembled into PSI. The labeled subunit II remained with the PSI complex during our procedure for isolation of PSI, which takes approximately 18 h from solubilization of thylakoids to obtaining PSI fractions. This demonstrates that the labeled subunit II was stably assembled into the PSI complex.
Physiological Requirements for Assembly of Labeled Subunit 11 into Thylakoids
In an attempt to identify the physiological conditions affecting the incorporation of subunit II into thylakoid membranes, we investigated the energy requirements for the assembly of subunit II into thylakoids. In our normal assembly reactions, we used translation products from which most of the ATP had been removed by gel filtration. To examine effects of the complete lack of ATP on the assembly, we . The labeled subunit 11 assembled into thylakoids is present in the PSI fractions. Thylakoids were incubated with labeled subunit 11 for 2 h at room temperature (A) or on ice (B). After TM washes, the thylakoids from room temperature incubation were subjected to NaBr treatment. Then, thylakoids from both the incubations were solubilized in Triton X-1 00, and the multiprotein complexes were separated by sucrose density gradient centrifugations. Radiolabeled polypeptides from eight fractions from the gradients (lanes [1] [2] [3] [4] [5] [6] [7] [8] Figure  5 , lack of ATP during incubation did not inhibit the assembly of subunit II into thylakoids. Use of a glucose-hexokinase mixture (10 mm and 25 units/mL, respectively) to hydrolyze ATP from the translation product also had no effect on the assembly of subunit II into thylakoids or into PSI (data not shown). Inclusion of valinomycin (0.9 lM) or p-trifluoromethoxyphenylhydrazone (1 AiM), the ionophores that dissipate proton motive force across the thylakoid membranes, in the assembly reaction also had no effect on the incorporation of subunit II into thylakoids (Fig. 5) . Similar results were obtained for the integration of subunit IV (data not shown). Therefore, we conclude that neither ATP nor protonmotive force is required for the assembly of subunits II and IV into thylakoids. Although ATP is not required for assembly of subunit II, the results shown in Figure 5 do not rule out the possibility that ATP might stimulate the rate of assembly. Therefore, we examined the time course of incorporation of subunit II into thylakoids in the presence of 1 mM ATP or in its complete absence, which was achieved by addition of glucose and hexokinase to the reaction. The kinetics of association (open symbols) and incorporation (filled symbols) of subunit II was virtually identical in the presence (squares) or absence (circles) of ATP (Fig. 6) . Association of subunit II with the thylakoid membranes reached a plateau after about 60 min; the amount of subunit II incorporated into thylakoids, however, continuously increased up to 2 h and probably beyond the time frame of our experiment. When the incubation was carried out on ice, about 15% of the total labeled protein in the ._O I reaction associated with the thylakoids after 60 min (Fig. 6,  A) ; almost all of this associated protein could be degraded by thermolysin (A). Therefore, the assembly of subunit II is a temperature-dependent process and can be effectively inhibited at 4°C.
Assembly of Subunits 11 and IV into Thylakoids Isolated from the Mutant Strains of Synechocystis sp. PCC 6803 Previously, we reported the generation and characterization of two mutant strains, AEK2 and ADK3, of Synechocystis sp. PCC 6803 in which the genes psaE and psaD, respectively, have been inactivated. The thylakoids from these mutants, which contain PSI reaction centers, provide an ideal system to test whether assembly of externally added subunits II or IV is dependent on the presence (or absence) of these subunits in the membranes. We isolated thylakoid membranes from WT, AEK2, and ADK3 strains and incubated them with either subunit II or IV. After 30 min, the reaction was terminated, and the thylakoids were washed two times with TM. Treatment with thermolysin was used to determine what fraction of total proteins is assembled into thylakoid membranes. As shown in Figure 7 , the association, as well as assembly of both subunits II and IV into thylakoid membranes isolated from the strain AEK2, was increased two to three times when compared with that in the WT thylakoids. This increase may be due to an increased rate of turnover of PSI observed in this mutant (6) . The association and incorporation of subunit II was dramatically higher (17-fold) in the thylakoids obtained from the strain ADK3. This observation supports the proposal that PSI is assembled in the membranes of the mutant but is turned over more rapidly, probably caused or triggered by the greater accessibility of mutant reaction center to oxidation (10) . The association of subunit IV with the thylakoids from ADK3 mutant was also higher than that with the WT thylakoids; however, the assembly of subunit IV in the same thylakoids was only 35% of that in the WT thylakoids. When the assembly reaction was carried out for 60 min, 13% of total radioactive subunit IV protein was incorporated in the WT thylakoids, but only 4% was assembled in the ADK3 thylakoids (data not shown). Thus, the efficiency of assembly of subunit IV into thylakoids is substantially reduced in the absence of subunit II. As in the case with the WT thylakoids (Fig. 3) , the labeled protein incorporated into mutant thylakoids was found associated with PSI (data not shown). Therefore, we propose that subunit II is required for the stable incorporation of subunit IV into thylakoids and for its assembly into PSI.
Assembly of Deletion Mutants of Subunit 11
The results described in the previous sections clearly demonstrate that the radiolabeled subunit II can posttranslationally assemble into thylakoid membranes by an ATPindependent process and is correctly and stably incorporated into the PSI complex. Therefore, the information for targeting to PSI and correct assembly into the complex is stored in the structure of the subunit II itself. It is possible that this information is contained in a small stretch of primary sequence in a fashion similar to the organelle-targeting leader sequences. The existence of such sequences could be revealed by deletion mutations in the subunit II. Therefore, we generated several overlapping deletion mutations in the psaD gene (Table I ).
These mutant genes were expressed in vitro, and the radiolabeled proteins were tested in our assembly assay for their ability to incorporate into thylakoids obtained from WT strain and assemble in PSI. To avoid competition of the mutant proteins with the WT protein already present in the thylakoids, we also used thylakoids obtained from the ADK3 mutant. This also potentially increased the efficiency of assembly and thus improved the sensitivity of our assay. The results obtained with the thylakoids isolated from ADK3 strain are shown in Figure 8 ; similar results were obtained when the WT thylakoids were used (data not shown). Each of the eight mutations that were extensively studied was able to associate with the thylakoid membranes (Fig. 8, lanes A) . However, only three (D3, D5, and D9) were able to assemble into thylakoid membranes (Fig. 8, lanes I ). They were also able to stably incorporate into the PSI complex (Fig. 8 , lanes P). The mutants that assembled into the PSI complex con- 
DISCUSSION
Reconstitution of individual steps involved in the assembly of a protein complex in an in vitro system has been a widely used approach to analyze the biogenesis of a complex. In vitro import of radiolabeled amino acids or the precursors of chloroplast proteins into plastids and their subsequent incorporation into the protein complex of interest is a well-defined system for such studies (20) . Recently, in vitro reconstitution systems have been developed to study assembly of radiolabeled subunits of PSI into the isolated thylakoid membranes of chloroplasts (Y. Cohen and R. Nechushtai, personal communication) and cyanobacteria (this work). These experiments have identified some of the physiological and environmental factors affecting the assembly of subunits of PSI into thylakoid membranes and for the assembly of PSI. The posttranslational assembly of subunit II into thylakoids and into PSI appears to be a spontaneous process, not requiring ATP or a proton motive force (Fig. 5) . Furthermore, ATP does not stimulate the assembly of subunit II (Fig. 6) . Therefore, it seems that subunit II, a peripheral membrane protein, does not undergo energy-dependent conformational change or does not require ATP-dependent chaperone activity during its assembly into thylakoids. In contrast, ATP is absolutely required for the chaperone-dependent integration ofsome transmembrane proteins, such as the apoprotein ofthe major lightharvesting proteins of PSII into thylakoid membranes (5, 1 1) .
Assembly of PSI is a complex event that has been proposed to occur in a step-by-step fashion (21) . Immunological detection of individual subunits in the membranes isolated from greening leaves revealed the following order of appearance of subunits of PSI: I, II, III, IV, and others. Gradual and differential appearance of the subunits of PSI has been observed in the thylakoids of oat, bean, spinach, and maize plastids at various stages of development (16, 21, 27) . In all of these cases, subunit II was the first nuclear-encoded subunit of PSI to be detected after illumination. Thus, the levels of low mol wt subunits and PSI activity increase significantly only after subunit II appears in the membrane, suggesting that this subunit may serve a central role during the assembly of the peripheral subunits of PSI. The results presented in Figure 7 demonstrate the importance of subunit II in the stable assembly of subunit IV, another subunit on the n side of thylakoids. Our data are consistent with the finding that subunit II is required for successful biochemical reconstitution of subunit VII with the subunit Ia-lb complex containing intact P700 and the iron-sulfur cluster Fx (19) . Therefore, we postulate that subunits Ia and Lb are cotranslationally inserted into the membranes, assembled together by a process that is initiated or facilitated by the formation of a leucine zipper (1), thereby forming the core of PSI, and then subunit II is incorporated on the n side of the core complex as a key structural subunit on which other subunits on that side are assembled.
WT
Each subunit of PSI should have the complete information not only for orienting different electron carriers within the complex but also for its destination and its precise arrangement in the complex with respect to the others. The informational elements required for the targeting of a subunit to PSI and for the assembly of the PSI complex are still to be identified. We generated many deletion mutations in the gene psaD and synthesized mutant subunit II proteins. The gross deletions that probably caused drastic alterations in the conformation of subunit II failed to assemble into PSI. Therefore, it seems likely that the overall conformation of the subunit II is required for its assembly into PSI, and the deletions D3, D5, and D9, which were able to incorporate into PSI, did not significantly disturb the topology of the protein. It seems that the overall three-dimensional conformation of the peripheral subunits rather than specific sequence information in them is involved in their proper targeting and assembly into PSI.
